Given that the best measures of presence currently available are subjective self-assessments, it is desirable to attempt to develop reliable, repeatable, quantitative measures. We present the results of two experiments intended to decompose presence into measurable subcomponents; attention and spatial comprehension. The first experiment was a conventional dual-task study where we measured attentional demands of competing virtual and real world experiences. The results suggest that attention may be a reasonable quantitative measure of presence. The study also showed that the use of sound increased the level of engagement experienced by participants. The second study attempted to correlate spatial knowledge acquisition with presence. The only component of spatial knowledge acquisition that was positively affected was landmark knowledge which improved with the addition of semantic verbal information. The data does not generally support a relationship between spatial comprehension and presence but again, it was found that the use of sound increased participants' sense of engagement in the virtual world. There are certainly other candidate subcomponents of presence but we began our investigation here. An expanded investigation towards the development of an aggregate quantitative measure of presence is suggested.
INTRODUCTION
Although there has been significant progress in the use of virtual environments (VE)s for practical applications over the past few years, there continues to be contention and general disagreement over the role of presence, in particular as it relates to operator performance and user satisfaction. There seem to be two closely related problems of concern: (1) Presence is an extremely ambiguous term with no widely accepted definition, and consequently, (2) There are no reliable, repeatable measures for presence. There is something of a "chicken-and-egg" problem here. If there is no accepted definition of presence, then there can be no measures for presence. But what if presence could be decomposed into separate components each of which may be measurable? While it is true that there is no universal agreement on a full definition of presence, there is, to a large degree, agreement on many of the components of presence.
"What is now needed is a systematic research effort designed to gain an understanding of the sensorimotor and cognitive factors that determine the sense of presence." [1] This is where we believe progress can be made. Still, the argument that presence may not be merely the sum of its parts must be seriously considered. However, we believe that focused study on individual phenomena that are widely considered to be related to presence is a useful contribution towards a formal definition of presence in general. Our objective is to study these components in a systematic fashion in an attempt to develop a set of reliable, repeatable, quantitative measures that may eventually be combined into an aggregate measure of presence. It is this aggregate measure that may be useful in predicting performance and user satisfaction. Two such components will be discussed in this paper; selective attention and spatial comprehension. ______________________________________________________________________________________ Presence is generally regarded as the qualitative phenomenon of "being there" (or in the case of a VE, being in a place other than where one's body is physically present). It is oftentimes associated with the concept of immersion. Slater and Wilbur [2] differentiate between these two ambiguous terms by suggesting that presence is a purely psychological response and can be observed only through psychophysical measures of users of VE systems while immersion is a purely technological perspective and can be determined by the apparatus of a VE system by measuring, for example, the field-of-view of a visual display. There is clearly a tight coupling of these two concepts. The original motivation for this research arose from an interest in relating immersion (in this case, display characteristics) to presence. What resulted was not only some interesting results about visual and aural displays but also some potentially important methods of measurement related to presence.
In our efforts to relate quantitative measures of specific psychophysical phenomena to presence, we needed some definition of presence to use for analysis. Although, as stated earlier, no such measure currently exists, the Presence Questionnaire (PQ), developed by Witmer and Singer [3] , is a reasonably well accepted measure of presence. It is rather thorough and has been used in a number of studies. It is important to note here that we do not suggest that selfassessment measures such as the PQ are inappropriate or even that they are incorrect, only that they are relatively subjective in nature suggesting that, at the very least, a quantitative metric for presence (or components thereof) would be an excellent augmentation to existing measures. Consequently, we use the PQ in our studies as a baseline metric by which to correlate the data from our experimental groups.
ATTENTION AS A MEASURE OF PRESENCE
Held and Durlach [1] refer to presence as an "alternate experience." Since it is impossible to completely eliminate the real experience that occurs simultaneously with any virtual experience, there must be some contention or conflict between the two. That is, while a user is wearing a head-mounted display to experience a virtual world, the real world outside the headmounted display does not go away. It can be heard, felt, smelled, and often seen. Sometimes this is used as part of the design of the VE as in the use of physical props [4] but more often, the real world seeps into the virtual world in unanticipated ways. Does this conflict diminish the sense of presence a user might have while using such a system? This was the question we asked for the first of our experiments.
Approach
It would seem obvious that in order to be present in an alternate world, our attention must be focussed there rather than on the real world. Accordingly, we should be able to relate attention to presence. If we consider the human perceptual system as a whole, selective attention is directed primarily by what we see and hear. The more of what we see and hear that is dominated by the virtual world, the more attention that should be focused there, and vice versa. ______________________________________________________________________________________ In this experiment, we constructed a divided attention task similar to those used in traditional dual-task paradigm experiments [5] [6] [7] [8] . We designed a virtual world experience with a content rich storyline that could be used in a question and answer session after each trial. In order to maintain consistency in the competing real world experience, we used a short subject videotape (Wallace and Gromit, Aardman Animations Ltd., 1993) which was played simultaneously with the virtual world experience. Our intent was to measure how much attention was diverted by the videotape as opposed to how much was focused on the virtual world experience.
Our expectation was that the greater the perceptual occlusion of the real world, the greater the level of engagement we would observe. This should extend beyond the visual domain to the aural domain such that the use of sound should also increase the level of engagement. However, our underlying objective was to not only study the components of display technologies that may affect engagement, but also to attempt to connect engagement (or the use of attention theory) to immersion and/or presence. We did this with the use of the Presence Questionnaire (PQ) [3] . This is a commonly used instrument for measuring presence that has been utilized by a large number of researchers in this area. According to our supposition, we expect participants who attend to the virtual world experience to also have accordingly higher scores on the PQ. Alternatively, we expect participants who attended more to the real world experience to score lower on the PQ.
Methods
The experiment was a 3x2x2 factorial design. Seventy participants (52M/18F, average age of 37) took part in the study. Participants were disqualified only if they had previously seen the Wallace and Gromit videotape. However, Wallace and Gromit are not nearly as popular in the United States are they are abroad so this was rarely a problem. All participants received only one experimental condition.
The independent variables were (A) the type of visual display used, (B) the presence or absence of sound, and (C) whether or not the participant was primed to the presence of the videotape. The displays used were either a conventional 20" flat screen display (FS), a semicircular "mini-CAVE™" display consisting of three wide screen displays (see Figure 1 ) (3TV), or a Virtual Research, Inc. V8™ head-mounted display (HMD). A treatment could have the virtual world soundtrack included (S) or excluded (NS), and finally, the participant might have been instructed to attend to both the VE and the videotape (P) or they may have been left to attend to it (or not, as the case may be) on their own (NP). This was done so that we might determine if priming has a significant effect on divided attention. ______________________________________________________________________________________ FIGURE 1: The mini-CAVE™ apparatus consisting of three wide-screen displays resulting in a 103º field-of-view.
The virtual world experience was a variation of H.G. Wells' War of the Worlds. In our case, the aliens invade Performer™ Town * . The storyline consists of the participant relocating to Performer™ Town and being given an automated guided tour in an automated car. While on their tour, the town is invaded and a number of interesting events take place. This content allows us to better determine if the participant is attending to the virtual world experience or to the real world. We measured engagement (hereafter referred to as the "attention score") via a series of quizzes based on the virtual world experience and the real world experience (the videotape). Because not all participants were given a soundtrack with their virtual world experience, the questions spanned both the visual and aural portions of the content. The monitor for the videotape was placed just off to the side of where the participant was seated, in clear view but not directly in front of them.
The participants were first exposed to the virtual world experience. The Wallace and Gromit videotape was started a few minutes prior to the beginning of the guided tour of Performer™ Town to allow them to focus attention there before the virtual world experience began. Our interest here was in whether or not attention would shift immediately upon the beginning of the tour. On completion of the virtual world experience, the participants were given the PQ and the virtual and real world experience quizzes. The quiz scores are referred to in the following section as the virtual and real world attention scores.
Results
The results reported here are Analyses of Variance (ANOVA) between the previously described independent variables. Using an α of 0.1, we computed a power value (1-β) of 0.5571. Consequently, our ability to detect alternate hypotheses is limited.
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Our initial thought was to use the difference between the virtual and real world attention scores as a composite dependent measure of attention. We believed this would be more indicative of what we wanted to measure as it indicates the level of attentional resources applied to one experience at the expense of the other. Figure 2 suggests that the HMD has the highest level of engagement but that the flat screen condition is superior to the mini-CAVE™ condition. However, these results are inconclusive, F(2,42) = 0.331, P = 0.7204, prompting us to look at each of the quiz scores independently. An analysis of the virtual world experience independent of the real world experience shows a trend towards the mini-CAVE™ display with the HMD treatment having the lowest scores (see Figure 3 ), F(2,42) = 1.671, P = 0.2003. The same is true for the real world experience (see Figure  4 ), F(2,42) = 6.771, P = .0028, but to a far greater degree. These two results combined suggest that while the HMD treatment occluded more of the real world and thus had a greater difference between the virtual and real world attention scores, the mini-CAVE™ apparatus seems to have allowed a far greater level of divided attention resulting in higher scores on both the virtual and real world quizzes. In the aural domain, we expected that the presence of sound would occlude more of the real world and therefore would increase the virtual world attention scores and decrease the real world attention scores. We were partly correct. As seen in Figure 5 , the presence of sound does, in fact, increase scores on the virtual experience, F(1,42) = 18.846, P ≤ 0.0001. However, the presence of sound also significantly increases scores on the real world quiz (see Figure 6 ), F(1,42) = 28.387, P ≤ 0.0001. While this result certainly wasn't expected, we believe the presence of sound in the VE allows the user to divide attention along a multi-modal axis (listen to the real world while watching the virtual world, or vice versa). As suggested by Wickens [8] , stimulating both the aural and visual modalities may have made it easier to allocate resources accordingly enabling a higher level of performance than we had anticipated. In any case, this data clearly supports the use of sound in VEs when increased engagement is desirable. Lastly, we attempted to correlate our measures of attention with PQ scores. Figure 7 shows a simple regression of PQ scores and virtual world attention scores, F(1,52) = 5.191, P ≤ 0.005. While we certainly would not suggest that a measure of attention such as ours is a complete measure of presence, our data suggests that not only is attention a measurable artifact of a virtual world experience, but that it agrees with existing self-assessment measures of presence. The priming element of the experimental design had the general result we had anticipated. In Figures 8 and 9 , the questions from both the virtual and real world experience quizzes are ordered temporally left to right. The entire experimental procedure is broken into three phases. Phase 1 is the portion of the videotape that was seen before the virtual world experience started. Phase 2 is the part of the virtual world experience before the alien invasion. Phase 3 is the remaining portion of the virtual world experience where the invasion occurs. As the line dips below the horizontal centerline, attention is focused on the videotape, and when it raises above the centerline, attention is focused on the virtual world. In both Figures 8 and 9 , all participants show high scores at the beginning of the film (Phase 1) with attention quickly shifting to the virtual world upon entering (Figure 8 ) are able to switch back to the videotape occasionally during phases 2 and 3 while unprimed participants (Figure 9 ) are not. In summary, our results clearly support the use of attention as at least a partial measure of presence. The display characteristics and associated effects on presence are interesting in that we are not merely dealing with a continuous scale of engagement with one display allowing slight engagement in the VE with more in the real world and vice versa, but what seems to be the case is that some configurations (in particular, the mini-CAVE™) may prove to be superior in facilitating focused attention in both the VE and the real world simultaneously. Lastly, we have shown that the use of sound is a great contributor to engagement. We next will discuss another ______________________________________________________________________________________ potential component of presence and an associated measurement using much the same methods used in this experiment.
SPATIAL COMPREHENSION AS A MEASURE OF PRESENCE
If presence is the sense of being in another "place", then it could be argued that an effective quantitative measure of presence might be related to spatial comprehension, or more accurately, to the amount of spatial information that was acquired from the virtual world experience. Our second experiment attempted to relate measures of spatial knowledge acquisition to presence via the Presence Questionnaire (PQ) as used in the previous experiment.
We arrived at this research question via a circuitous route. Our first experiment clearly indicated that the addition of sound increased the level of presence. This result agrees with several prior studies [9, 10] . However, we wanted to determine if spatial comprehension also would correlate with presence because we were skeptical about the potential relationship between sound cues and spatial comprehension. By varying the types of aural stimuli available to the participant and measuring what spatial knowledge was acquired, we can (1) confirm if our previous results were accurate, and (2) determine if spatial comprehension might also be a measurable component of presence.
Approach
It has been suggested that one of the reasons why spatial orientation in VEs is so poor is that users are rarely immersed in the virtual space. In other words, if we really felt like we were in the virtual world, performance on spatial orientation and navigation tasks might improve. This has only been studied to a limited extent, partly by the authors of this paper [11] [12] [13] . We have yet to make a connection between performance on spatial tasks such as navigation and presence. This experiment takes an opposite approach suggesting that if performance on spatial tasks is correlated with presence, then it should be an excellent candidate measurement of presence (or the spatial component of presence).
We used the same apparatus as in the previous experiment (see Figure 10 ) but we removed the War of the Worlds storyline leaving only the guided tour portion because our interests were now focused only on the spatial content in the environment. We adapted two methods of measurement of spatial information, a pointing task and a map building task, from previous experiments [13] [14] [15] .
Methods
The experiment was a between groups design with sound condition being the independent variable. Each group either had no sound (NS), semantic information only (P), spatial information only (S), or both semantic and spatial information combined (SP). The semantic only group received information such as "This Mobil Station has a car wash and was built three years ago." The spatial only group received information such as "This Mobil Station is on the North side of town adjacent to the park." Accordingly, the semantic and spatial group received a combination of the two. Forty participants (33M/7F, average age of 32.5) took part in the study. Participants were assigned to groups randomly. Participants were disqualified only if they had been in Performer™ Town prior to this experiment. We used only the mini-CAVE™ apparatus for this experiment. None of the sound treatments were physically spatialized (monaural only).
Measures for this experiment included the PQ and a number of spatial tests. These tests were developed so as to be both ego-and exo-centric in nature. The egocentric task is a pointing task. At the conclusion of the trial in the VE, a short sequence is replayed bringing the participant to a specific location in the VE via the same route traveled in the trial. The participant is asked to point to a number of locations (all out of the current view or at least occluded in the current view) using a circular protractor mounted to the desk (see Figure 11 ). This is done to eliminate as much error in measurement as possible. The second primary measurement of spatial comprehension is a map building task. Again, at the conclusion of the trial, the participant exits the VE and is brought to a table on which is a metal board with a road grid placed on it depicting the roads of Performer™ Town (see Figure  12 ). There are also a set of magnets indicating a number of buildings and/or landmarks that may or may not have been seen during the trial. The task begins with the participant selecting all the magnets from among the choices that can be remembered. These are then placed on the map. Then, using another set of magnet strips, the participant is asked to describe the route taken through the town. The entry and exit points are given. A number of spatial measures are computed from this task. The landmark identification score is the number of correct landmarks that were selected from the set of magnets. The map building score is an aggregate score computed by the placement of landmark magnets on the road grid and the identification of the route. ______________________________________________________________________________________ FIGURE 12: The exocentric map building task using magnets. The black road grid is given beforehand. The participant must select landmark icons and place them on the map and then must designate the route taken using the gray magnet strips.
The map building task is designed to overcome inherent deficiencies with map drawing tasks that have been used in the past. It remains a visually dominant task, as it should be, but gains some of the advantages of a free-recall task [16, 17] . By allowing the "shape" of the environment to evolve over time rather than in a sequential fashion as required in a map drawing exercise, the participant is able to more precisely complete the task. This measurement was developed from a simple target placement task used in a previous experiment [15] .
Results
The results reported here are Analyses of Variance (ANOVA) and simple regression models between the previously described independent variables. Using an α of 0.1, we computed a power value (1-β) of 0.6334. Consequently, our ability to detect alternate hypotheses is limited.
In order to determine if PQ scores correlated with any of the spatial comprehension measures, we computed a simple regression model between the PQ scores and the spatial measures independently. Neither landmark identification, F(1,39) = 2.043, P = 0.1609, nor map building, F(1,39) = 0.466, P = 0.4989, showed any correlation between PQ scores and spatial comprehension. Again, due to the relatively low power of this experiment, we cannot claim that presence and spatial comprehension are unrelated, only that our data does not support that relationship.
To confirm that our conclusions from the previous experiment were correct, we found that the presence of sound in any form significant increases PQ scores (see Figure 13) . In all cases, the absence of sound produced lower PQ scores than those conditions with sound, F(3,37) = 3.897, P ≤ 0.05. ______________________________________________________________________________________ We next wanted to know if the sound condition had a direct effect on spatial knowledge acquisition irregardless of interactions with presence. Neither the map building score (see Figure  14) , F(3,37) = 1.422, P = 0.2517, nor the pointing task (see Figure 15 ), F(3,37) = .747, P = 0.5312, indicated any effect. However, the landmark selection task (see Figure 16 ), F(3,37) = 2.326, P ≤ 0.1, did show an effect with both the spatial and spatial with semantics conditions being superior in terms of number of correct landmarks selected (but not necessarily placed on the map). Higher values indicate higher performance on the map building task for that experimental condition group. Our initial thought was that the addition of semantic information would improve performance simply based on hypothetical models of working memory [18] . It seems that topical information does not provide any help with indexing memory as we had anticipated. This is seen by the semantic only sound group (P) consistently performing poorly as compared to the spatial or spatial and semantic groups. However, semantic information clearly does help in landmark selection as participants were better able to select the icons from the palette if topical information had been provided. We should also call attention to the fact that we are referring to landmark selection not landmark identification, the difference being that selection is a pure symbolic memory task (Did you see the Mobil Station or didn't you?) while identification involves visual memory (What did the Mobil Station look like?). Most of the spatial knowledge acquisition literature refers to landmark identification rather than landmark selection. The results of this second experiment do not generally support the use of spatial knowledge acquisition as measures of presence. The one exception to this is that landmark selection seems to improve if verbal semantic information is included. However, it should be clear that much more research is needed in this area. There are numerous other ways that these measurements might have been made to include a measure more in line with conventional landmark knowledge as described by Thorndyke and Goldin [19] . This experiment did confirm the earlier study in that sound seems to generally increase the sense of presence.
CONCLUSIONS
We have presented two experiments in an attempt to decompose presence into measurable components. Our first experiment showed that attention is a likely candidate measurement that correlated to a well accepted self-assessment measurement of presence. The second study was less successful and was not able to relate spatial knowledge acquisition to presence in a general way. This should not be too disturbing, however, in that we know that there are a large number of alternate explanations for why spatial knowledge acquisition might be high or low for a particular user of a particular environment. For example, the fact that we removed the War of the Worlds storyline from the second experiment may have been a contributing factor to differences in our data.
The role of sound in our experiments is interesting in that it seems that the rule of thumb must be "any sound is better than no sound" if increased engagement is the goal. There are clearly cases where increased engagement might be an undesirable outcome where the use of sound should be avoided. But for most mainstream applications, sound should be considered an essential component.
There are obvious reasons why it is desirable to want to relate presence to performance, and intuitively, it is difficult to believe that there is no connection between them. However, the current ad hoc approach to measuring presence has not been very successful. Even the best uses of the PQ to date are never considered definitive results simply because the measure is a selfassessment and also because we're not sure what we're measuring yet. What seems to be needed is a comprehensive investigation of a number of candidate components of presence. In fact, the PQ itself can be used to identify what these components might be. If a number of studies such as this can be completed to show what does and what does not seem to be related to presence, we can then work towards an aggregate model, and subsequently a measurement, of presence that is reliable, repeatable, and consequently widely accepted by our research community.
